whereas the function of some of the other APC subunits
may be to regulate the activity of APC11 and to modulate its substrate specificity.
Understanding the mechanism of the APC and the function of all of its subunits will not be possible without solving its structure. Because the APC is a nonabundant complex whose reconstitution from recombinant subunits has not been achieved yet, crystallizing the whole APC is presently not feasible. We have, therefore, developed a method that allows the isolation of small amounts of highly purified native human APC. By analysis of these samples by cryo-electron microscopy, we derived a three-dimensional (3D) model of the APC with a resolution of 24 Å . This model reveals that the APC has a complex asymmetric structure in which an outer protein wall surrounds a large inner cavity or cage. We discuss the possibility that this cavity represents a reaction chamber in which cell cycle-regulated ubiquitination reactions take place, analogous to the inner cavities formed by other protein machines such as the 26S proteasome and chaperone complexes.
Results
Isolation and Characterization of Native Human APC APC was immunoprecipitated from extracts of logarithmically growing HeLa cells using CDC27 peptide antibodies. Bound complexes were subsequently eluted in their native form with an excess of antigenic peptide. The peptide was subsequently separated from the eluted protein by gel filtration chromatography (data not shown). SDS-PAGE and silver staining analysis of the resulting fractions revealed all known 11 subunits of human APC, whose identity was confirmed by immunoblotting ( Figure 1A and data not shown). In the presence of purified ubiquitin, E1 and E2 enzymes, and ATP, the APC fractions were able to ubiquitinate a radiolabeled fragment of cyclin B in a dose-dependent manner ( Figure 1B) , suggesting that the employed method allows the preparation of active APC in a highly purified soluble form.
To assess the physical homogeneity of the APC in the purified fractions, we separated peptide eluates by density gradient centrifugation, analytical gel filtration, and native gel electrophoresis. SDS-PAGE and silver staining revealed that all APC subunits cosedimented during sucrose density gradient centrifugation ( Figure  1C) . Calibration of the gradient with marker proteins suggested that the majority of APC (fraction 13) sedifiltration peak fraction were 5 l and 2.5 l for the concentrated gelfiltration fraction). lyzed, a much less abundant, more slowly migrating second band could also be detected, possibly representing a dimeric form of the APC. However, such forms ter of approximately 15 nm ( Figure 2A ). Although most particles were of similar size, their shape was heterogedo not seem to form stably in solution, because no evidence for dimeric APC was obtained in density gradineous. Some particles had a triangular or V-shaped appearance, but many particles had a more irregular shape ent centrifugation experiments ( Figure 1C ). Together, our results suggest that purified APC fractions predomi-( Figure 2B ). Some negative stain could be detected in the center of most particles, suggesting that heavy metal nantly contain APC particles of 22-23S.
ions accumulated in a central cavity or groove of the complexes. The heterogeneity of particle images sugElectron Microscopy of Negatively Stained APC To obtain insight into the structure of the APC, we anagested that the APC is able to adsorb to the grid surface in many different orientations, resulting in different imlyzed purified APC fractions by negative staining and transmission electron microscopy. Staining with ammoage projections that represent different views of the APC. nium molybdate revealed distinct particles with a diame- (Figures 3, 4A , 4E, 4G, and 4I). The cavity is partially divided by a rod-like structure that extends from the by Cryo-Electron Microscopy To obtain detailed insight into the native structure of the bottom of the cavity beyond the wall of the particle, forming a prominent protrusion that we call the head APC, we performed cryo-electron microscopy. Purified APC samples were imaged using liquid nitrogen-( Figures 3A and 4A-4C ). The head shields parts of the large opening at the top, like a roof ( Figures 4C and 4F ). temperature electron microscopy. About 13,000 molecular images of randomly orientated APC particles were A bridge-like structure connects the head with the outer protein wall (Figures 4A and 4G ). In general, the 3D interactively collected from digitized micrographs. A first set of characteristic APC views was obtained by multimodel of the APC is complex and does not reveal any apparent symmetries. This asymmetry, the variable apvariate statistical analysis and automatic classification. After angular reconstitution, a preliminary low-resolution pearance of the complex in different orientations, and the presence of a central cavity are all consistent with 3D structure was derived. Subsequently, the resolution of the structure was reiteratively improved by generating the data obtained by negative-staining electron microscopy (Figure 2) . a large number of reference images and performing multiple cycles of multireference alignment, automatic classification, and angular reconstitution. Using this proceDiscussion dure, a 3D model of the APC with a final resolution of 24 Å was generated. For the surface representation, a Since its discovery in 1995, numerous subunits, regulators, and substrates of the APC have been identified. molecular volume of 999,205 A 3 , which represents an APC mass of 844,000, was used to select the threshold However, so far no information has been available about the structure and the mechanism of the APC. To address values.
3D Structure of the APC Obtained
A stereo view of the 3D model of human APC is shown these issues, we have, as a first step, analyzed the structure of the human APC by negative staining and cryoin Figure 3B . We refer to this view as the front view and describe the relative position of individual parts of the electron microscopy and have derived a 3D model with a resolution of 24 Å . structure with respect to this orientation. The most remarkable feature revealed by the 3D model of the APC is the presence of a large cavity that is formed a large central cavity which has a diameter of approximately 100 Å and is about 80 Å deep. This cavity has by a surrounding protein wall. Although the function of this cavity is unknown, it is tempting to speculate that one wide opening located at the top and several smaller openings in the wall and the bottom part of the complex it may represent a reaction chamber inside of which ubiquitination reactions take place. Analogous cage is, therefore, conceivable that the APC contains more subunits than SCF complexes to allow the regulation mechanisms have been described for other macromolecular machines, in particular for the 26S proteasome of ubiquitination reactions at the level of the ubiquitinprotein ligase. For example, based on the cage hypotheand chaperone complexes. The 26S proteasome uses a cylindrical arrangement of subunits to generate reaction sis discussed above it is conceivable that the activity of the APC is regulated by spatially controlling the acchambers in which the proteolytically active sites are shielded from the outside nucleo-cytoplasmic space cess of substrates to catalytically important subunits within the APC. In light of this speculation, it will be (Loewe et al., 1995, Groll et al., 1997) Irniger, S., Piatti, S., Michaelis, C., and Nasmyth, K. (1995). Genes
